ABSTRACT Quantitative control of nutrient intake may decrease the incidence of wooden breast (WB) and white striping (WS) myopathies with some impairment of live performance. Two experiments (Exp) utilizing Yield Plus × Ross 708 male broilers were conducted to determine if a reduction in myopathies may be obtained through a qualitative approach by reducing digestible lysine (dLys) density. All birds received an identical starter diet until 11 d of age. In Exp 1 (63 pens; 22 birds/pen), each pen was then randomly assigned to 1 of the following 7 dietary treatments (TRT) for a 47 d production period. Seven dietary treatments were provided for the grower 1 (G1; 12 to 18 d of age) and grower 2 (G2; 19 to 26 d of age) phases: 1) 100% of primary breeder recommendations for dLys throughout Exp; 2) 85% of TRT 1 dLys for G1; 3) 85% of TRT 1 dLys for G2; 4) 85% of TRT 1 dLys for G1 and G2; 5) 75% of TRT 1 dLys for G1; 6) 75% of TRT 1 dLys for G2; 7) 75% of TRT 1 for G1 and G2. In Exp 2 (24 pens; 30 birds/pen), birds were randomly assigned to 1 of the following 4 dietary TRT (Table 2) Ideal amino acid ratios were not maintained in reduced dLys diets in either Exp. At 48 (Exp 1; 18 birds/pen) and 62 (Exp 2; 30 birds/pen) d of age, selected birds were processed and fillets were visually scored for WB and WS. No differences (P > 0.05) in cumulative live performance responses between TRT 1 and the remaining TRT were observed in either Exp. In Exp 1, the incidence of severe WB (20.8%) and WS (42.3%) at 48 d of age among birds receiving TRT 7 was reduced (P < 0.01) compared with TRT 1 (WB: 36.6%; WS: 64.3%), at the expense of reduced (P = 0.003) breast weights and yield. In Exp 2, the incidence of severe WB (18.8%) and WS (17.8%) at 62 d of age for birds receiving TRT 4 was reduced (P < 0.05) compared with TRT 1 (WB: 39.3%; WS: 38.3%), without any detrimental effects on processing characteristics. These results indicate that altering dietary dLys during critical periods of the growth trajectory may be a viable strategy for reducing the incidence and severity of WB and WS.
INTRODUCTION
Recently, broiler producers worldwide have reported increasing occurrence of the breast quality defects known as wooden breast (WB) and white striping (WS). Wooden breast is easily recognized by its abnormal rigidity, which not only can be palpated by hand on live birds, but also persists through processing as an undesirable texture in raw and further processed C 2018 Poultry Science Association Inc. Received July 13, 2017. Accepted April 12, 2018. 1 Mention of trade names or commercial products in this publication is solely for the purpose of providing specific information and does not imply recommendation or endorsement by Auburn University. 2 Corresponding author: bill.dozier@auburn.edu products. Histological evidence suggests that the characteristic toughness of WB is caused by abnormal accumulation of connective tissue and fluid (Sihvo et al., 2014 (Sihvo et al., , 2017 . Fillets affected by WS have visible deposits of intermuscular fat in a pattern of striations that appear parallel to the muscle fibers (Kuttappan et al., 2013) . Although it has been proposed that these myopathies are related to genetic selection for increased breast meat yield (Kuttappan et al., 2016) , non-genetic factors, such as environment and nutrition, contribute the majority of the observed variance in myopathy incidence (Bailey et al., 2015) , and therefore may be more suitable targets for practical interventions aimed at reducing the incidence and severity of these myopathies. Prior research investigating the effects of quantitative nutrient allocation has indicated that the incidence of 3311 these quality defects may be reduced through quantitative feed control (Meloche et al., 2015) . Quantitative allocation strategies may have limited practical applicability in some regions of the world, as most broiler growers in the U.S., for example, are not typically equipped to allocate feed, by weight, on a daily basis. For this reason, studies have also been conducted with the aim of altering growth trajectories through reductions in nutrient allocation obtained qualitatively through the simultaneous manipulation of dietary apparent metabolizable energy (AME n ) and amino acid (AA) density (Meloche et al., 2016a, b) . However, in these experiments (Exp), broilers receiving the lower density diets displayed a notable capacity for compensatory feed intake, eliminating the designed reduction in nutrient intake. Indeed, the compensatory response to the reduced density diets actually resulted in these broilers consuming more dLys than their unrestricted counterparts.
Growth trajectory may be changed without stimulating compensatory intake by altering the concentration of a single nutrient, rather than dietary density as a whole. Digestible Lys (dLys) is an obvious target for single nutrient deletion because Lys comprises the largest proportion of any essential AA in breast muscle as a percentage of CP (Munks et al., 1945) . Breast muscle exhibits pronounced responses to differences in dietary dLys, from regulation of protein turnover at the cellular level (Tesseraud, et al., 1996 (Tesseraud, et al., , 2001 to yield responses at the processing plant (Dozier et al., 2010) . Furthermore, feed-grade Lys is frequently supplemented in poultry diets and therefore may be easily removed from the diet. Cruz et al. (2017) investigated the effects of reducing dietary dLys during a single phase of feeding (12 to 28 and 28 to 40 d of age) on the incidence of WB and WS in Cobb × Cobb 500 male broilers at 35 and 42 d of age. These authors observed reductions in WB and WS when feeding diets formulated with dLys at approximately 70 and 63% of the recommended concentrations. Although this dietary strategy reduced the incidences of myopathy, the extreme reductions in dLys were deleterious to live performance and breast yield. However, it is possible that implementing a similar strategy with more moderate reductions in dLys over shorter periods of time may suffice to reduce myopathies without these negative effects. Therefore, 2 Exp were conducted to evaluate the effects of short-term reductions in dLys concentrations on performance, processing characteristics, and the incidence of WB and WS in broilers processed at 48 and 62 d of age.
MATERIALS AND METHODS
The Institutional Animal Care and Use Committee at Auburn University approved the use of live birds in Exp 1 (PRN 2015 (PRN -2629 . Experiment 2 was conducted at the Aviagen Inc. (Huntsville, AL) research facility in Albertville, AL in accordance with National Chicken Council welfare guidelines (National Chicken Council, 2014). Two similarly designed Exp were conducted from 1 to 48 (Exp 1) and 1 to 62 d of age (Exp 2).
Experiment 1
Bird Husbandry One-thousand three hundred eighty-six Yield Plus × Ross 708 (Aviagen Inc., Huntsville, AL) male broiler chicks were obtained from a commercial hatchery and placed into 63 floor pens (0.10 m 2 /bird; 22 birds per pen) in a solid-sided house, equipped with a cross-ventilation system. The experimental facility was equipped with air inlets, exhaust fans, evaporative cooling pads, forced-air heaters, and an electronic controller to maintain optimum ventilation and temperature. Each pen contained a hanging feeder, a nipple drinker line, and used litter. Chicks were vaccinated at the hatchery for Marek's disease, Newcastle disease, and infectious bronchitis. Birds were provided feed and water on an ad libitum basis. Ambient temperature was set at 33
• C at placement and reduced to maintain comfort with advancing bird age, with a final set point of 20
• C at 28 d of age. Birds were exposed to a 23L:1D photoperiod from placement to 7 d of age, followed by an 18L:6D photoperiod for the remainder of the Exp. Light intensity was set at 30 lux from 1 to 7 d of age, 10 lux from 8 to 14 d of age, 5 lux from 15 to 24 d of age, and 3 lux from 25 to 48 d of age. Light intensity settings were verified at bird level (30 cm) using a photometric sensor with National Institute of Standards and Technology-traceable calibration (403,125, Extech Instruments, Waltham, Mass) for each intensity adjustment.
Dietary Treatments All birds received an identical starter diet from placement until 11 d of age, after which time each pen was randomly assigned to 1 of the following 7 dietary treatments (TRT; Table 1) for the grower 1 (G1; 12 to 18 d) and grower 2 (G2; 19 to 26 d) phases: 1 (TRT 1) 100% of primary breeder recommendations (Aviagen, 2014) for dLys 2) 85% of TRT 1 dLys for G1; 3) 85% of TRT 1 dLys for G2; 4) 85% of TRT 1 dLys for G1 and G2; 5) 75% of TRT 1 dLys for G1; 6) 75% of TRT 1 dLys for G2; 7) 75% of TRT 1 for G1 and G2. Thereafter, all birds received common finisher (27 to 42 d of age) and withdrawal (43 to 47 d of age) diets which met or exceeded primary breeder recommendations for all nutrients. Digestible AA values were calculated by multiplying digestibility coefficients (Ajinomoto, 2015) to the calculated total AA content of each ingredient. Control diets for G1 and G2 were formulated to maintain digestible AA to dLys ratios of 51, 76, 67, 76 , and 68 for dMet, dTSAA, dThr, dVal, and dIle, respectively. Ideal amino acid ratios to Lys were not maintained in the reduced dLys diets. Differences in dLys among the TRT diets were created by replacing L-Lys·HCl with builder's sand. This formulation strategy allowed for the deletion of Lys from the diets without altering the concentrations of any other nutrients. Diets were corn-soybean meal-based and contained corn gluten meal and peanut meal as needed to force adequate concentrations of L-Lys·HCl into the diet such that its replacement with sand would produce the desired concentrations of dLys in the TRT diets. Corn gluten meal and peanut meal were also utilized in the common starter, finisher, and withdrawal diets to minimize the effects of changing ingredients between phases. Feed was provided in crumble form during the starter phase, and pelleted thereafter. Grower 1 and G2 treatment diets were analyzed for concentrations of total Lys (AOAC, 2006; 982.30 E(a)) and free Lys concentrations (AOAC, 2000; method 999.13) at University of Missouri-Columbia Experiment Station Chemical Laboratory.
Measurements Body weight and feed intake for each pen was determined at 11, 18, 26, 42, and 47 d of age. Mortality was recorded daily and feed conversion ratios (FCR) were corrected for mortality and excluded placement weights. At 48 d of age, after a feed withdrawal period of 12 h, 18 birds per pen were randomly selected for processing at the Auburn University Pilot Processing Plant. Selected birds were placed in coops, transported to the processing facility, electrically stunned, exsanguinated, scalded, picked, and manually eviscerated. Carcasses were chilled on ice for 3 h prior to measuring carcass and abdominal fat pad weights. The front-halves of the carcasses were then packed in ice for 18 h. The weights of the Pectoralis major (boneless breast) and Pectoralis minor (tender) muscles were recorded after deboning by professional trained personnel from a commercial processing plant. Carcass and breast yields, as well as abdominal fat percentage, were calculated relative to live BW at 47 d of age. The Pectoralis major muscles of each bird were visually assessed and scored on a 3-point scale (0 = none; 1 = mild; 2 = severe) for WS and WB. All fillets were scored by the same evaluator. For WS, the defect was characterized as "mild" if visible striping comprised less than half of the total fillet surface area or was less than 2 mm wide on average, but was considered "severe" if the striping exceeded these limits. For WB, the defect was considered "mild" if palpable hardness was present in less than half the total fillet surface area, but was considered "severe" if it exceeded this limit. Wooden breast and white striping incidences are reported as the proportion of each category observed for each pen (22 birds per pen, minus mortality).
Experiment 2
Bird Husbandry Seven hundred twenty Yield Plus × Ross 708 (Aviagen Inc., Huntsville, AL) male broiler chicks were obtained from a commercial hatchery and placed into 24 floor pens (0.11 m 2 /bird; 30 birds per pen) in concrete floor pens in an environmentally controlled research facility. Each pen contained a hanging feeder, a nipple drinker line, and used litter that was top-dressed with fresh shavings. Chicks were vaccinated at the hatchery for Marek's disease, Newcastle disease, and infectious bronchitis. Birds were provided feed and water on an ad libitum basis. Ambient temperature was set at 33
• C at placement and was reduced to maintain comfort with advancing bird age with a final set point of 20
• C at 28 d of age. Birds were exposed to a 23L:1D photoperiod from placement to 3 d of age, followed by an 18L:6D photoperiod for the remainder of the Exp. Light intensity was set at 20 lux from 1 to 3 d of age and 3 lux thereafter.
Dietary Treatments All birds received an identical starter diet from placement until 11 d of age, after which time each pen was randomly assigned to 1 of the following 4 dietary TRT (Table 2) for the Grower (G; 12 to 28 d) and Finisher 1 (F1; 29 to 40 d) phases: 1) 100% of primary breeder recommendations (Aviagen, 2014) for dLys 2) 85% of TRT 1 dLys for G; 3) 85% of TRT 1 dLys for F1; 4) 85% of TRT 1 dLys for G and F1; Thereafter, all birds received common finisher 2 (41 to 48 d) and withdrawal (49 to 61 d) diets which met or exceeded primary breeder recommendations (Aviagen, 2014) for all nutrients. Digestible AA values were calculated by multiplying digestibility coefficients (Ajinomoto, 2015) to the calculated total AA content of each ingredient. Control diets for G1 and G2 were formulated to maintain digestible AA to dLys ratios of 51, 77, 67, 77, and 68 for dMet, dTSAA, dThr, dVal, and dIle, respectively. Ideal amino acid ratios to Lys were not maintained in the reduced dLys diets. Differences in dLys among the TRT diets were created by replacing L-Lys·HCl with builder's sand. This formulation strategy allowed for the deletion of Lys from the diets without altering the concentrations of any other nutrients. Diets were corn-soybean meal-based. Feed was provided in crumble form during the starter phase, and pelleted thereafter. Treatment diets (G and F1) were analyzed for concentrations of total Lys by AMINOLab R (Evonik Industries, Kennesaw, GA).
Measurements Body weight and feed intake for each pen was determined at 11, 28, 40, 48, and 61 d of age. Mortality was recorded daily and FCR were corrected for mortality and excluded placement weights. At 62 d of age, 4 randomly selected replicate pens (30 birds/pen) per TRT were processed at the Aviagen Albertville Research Processing Plant. Selected birds were individually identified with wingbands and placed in a holding pen for a feed withdrawal period of 12 h. The following morning, birds were placed in coops, transported to the processing facility, electrically stunned, exsanguinated, scalded, picked, and eviscerated. Abdominal fat pads were returned to the body cavity. Carcasses were air-chilled for 3 h prior to measuring carcass and abdominal fat pad weights. The weights of the Pectoralis major (boneless breast) and Pectoralis minor (tender) muscles were recorded after deboning by trained personnel. Carcass and breast yields, as well as abdominal fat percentage, were calculated relative to live BW at 61 d of age. The Pectoralis major muscles of each bird were visually assessed and scored on a 3-point scale (0 = none; 1 = mild; 2 = severe) for WS and WB by a group of trained evaluators. Defects were assigned scores as described above for Exp 1. Wooden breast and white striping incidences are reported as the proportion of each category observed for each pen (30 birds per pen, minus mortality).
Statistical Analyses
In each Exp, TRT were arranged in a randomized complete block design with pen as the experimental unit and pen location as the blocking factor. Treatment effects on live performance and processing characteristics were subject to analysis of variance using PROC MIXED of SAS 9.3 (SAS Institute, 2009) by the following mixed-effects model:
where μ. is the overall mean; the ρ i are identically and independently normally distributed random block effects with mean 0 and variance σ 2 ρ ; the τ j are the fixed factor level effects corresponding to the jth treatment such that Στ j = 0; and the random errors Proportions of affected fillets in each scoring category were analyzed by PROC GLIMMIX (SAS Institute, 2009) using the events/experiments syntax with a binomial distribution and R-side covariance structure. Where applicable, residuals were visually assessed to ensure normality and nonnormal data were transformed prior to analysis. For all hypothesis tests, statistical significance was considered at P ≤ 0.05.
RESULTS AND DISCUSSION

Diet Analysis
Experiment 1 Analysis of total Lys content of the G1 diets indicated that a reduction in Lys occurred, with total Lys contents of 1.45, 1.28, and 0.99% for TRT 1, 2, and 3, respectively (Table 1) . For the G2 diets, TRT 1, 2, and 3 contained 1.29, 1.14, and 1.15% total Lys, respectively. The reduction in Lys between TRT 2 and 3 was not as evident in the total Lys analysis for the G2 diets. Because the diets were formulated to omit added L-Lys·HCl, analysis of free Lys is more informative. For the G1 diets, TRT 1, 2, and 3 contained\0.27, 0.13, and 0.02% free Lys, respectively. Analysis of the G2 diets indicated that they contained 0.25, 0.12, and 0.03% free Lys for TRT 1, 2, and 3, respectively. These analyses correspond well with the values utilized in formulation.
Experiment 2 Grower diets contained 1.37 and 1.25% analyzed total Lys. These values were higher than the target values for formulation, but nevertheless represent a substantial reduction in Lys content between treatment diets. Likewise, the F1 diets contained 1.18 and 1.01% total Lys, which were higher values than the target for these diets but still indicate a reduction in Lys content.
Growth Performance
In each Exp, there were no differences (P > 0.05) among treatment groups prior to the experimental period (1 to 11 d).
Experiment 1 During the G1 phase (12 to 18 d of age), TRT 2, 4, 5 and 7 received diets with reduced dLys density, while the other TRT remained on the 100% dLys control diet (Table 3) . Broilers receiving TRT 5 and 7, which were formulated to 75% of recommended dLys concentrations, had reduced (P < 0.001) BW gain relative to all other TRT. In contrast, broilers receiving diets formulated to 85% of dLys recommendations (TRT 2 and 4) had similar (P > 0.05) BW gain to that of the control. These results indicate that reduction of dLys to 75% of the recommended density from 12 to 18 is sufficient to alter the growth trajectory, whereas a reduction to 85% did not lower BW gain. Perryman et al. (2013) observed no differences in BW gain between Ross × Ross 708 male broilers fed diets formulated to weighted dLys concentrations of 1.23 and 1.17% from 1 to 28 d of age, which corresponds well to similar BW gain observed among broilers receiving TRT 1 vs. TRT 2 and 4, with 1 to 15 d weighted dLys concentrations of 1.24 and 1.17% respectively, in the current study.
Previous attempts to prevent the development of myopathies through feeding reduced density diets have diluted apparent metabolizable energy (AME n ) concurrently with all AA (Meloche et al., 2016a,b) . These authors observed increased feed intake sufficient to compensate for the designed differences in nutrient density, due to the innate propensity of broilers to consume feed until they meet their AA or AME n needs, depending on their age. In the current study, no differences (P > 0.05) in feed intake from 12 to 18 d of age were observed relative to the control, although TRT 2 and 4 had increased (P < 0.001) feed intake relative to TRT 5 and 7. This observation may be attributable to the reported appetite depressant effect of reduced dLys diets in young broilers (Noble et al., 1993; Picard et al., 1993) , which is mediated by altered plasma Lys concentrations (Alam et al., 2014) . The lack of feed intake differences between the reduced dLys diets (TRT 2, 4, 5, and 7) and those receiving the 100% dLys control (TRT 1, 3, and 6) from 12 to 18 d of age resulted in reduced (P < 0.001) dLys intakes. Broilers receiving diets formulated at 85% of the control (TRT 2 and 4) consumed 6.7 g dLys/bird vs. 7.7 g/bird consumed by those receiving the control (TRT 1, 3, and 6) . In contrast to the current study, Meloche et al. (2016a, b) observed that broilers responded to diets varying in both AME n and AA density by increasing feed intake. The results of the current study indicate that broilers are less sensitive to differences in dietary dLys content only, allowing for more effective control of the growth curve.
Additionally, broilers receiving diets formulated at 75% of the control (TRT 5 and 7) consumed less dLys (averaging 9.35 g dLys/bird) than those receiving either the control or the diets formulated to 85% of the control. The single-nutrient deletion strategy utilized in this study circumvents the issue of compensatory feeding by maintaining concentrations of other dietary AA, as well as AME n in the reduced dLys diets, resulting in no differences (P > 0.05) in AME n intake relative to the control. Broilers assigned to the 75% dLys diets (TRT 5 and 7) had increased (P < 0.001) FCR in comparison to the control. These treatments were formulated to a dLys concentration of 0.88%, which is substantially lower than the reported optimum of 1.10% dLys for performance responses in Ross × Ross 708 male broilers (Dozier et al., 2009) . Growth performance results from 12 to 18 d of age indicated that reducing dLys to 75% of recommendations during G1 altered the growth curve of birds assigned to TRT 5 and 7.
At 26 d of age, all broilers receiving diets formulated at 85% of the dLys content of the control had similar (P > 0.05) BW gain, feed intake, AME n intake, and FCR compared with the control (Table 4) . However, broilers receiving these diets for any duration had reduced (P < 0.001) dLys intake (17.3, 16.6, and 16.0 g/bird for TRT 2, 3, and 4, respectively) compared with the control (18.7 g/bird). Feeding diets formulated at 75% of recommended dLys concentrations from 12 to 18 (TRT 5) resulted in decreased (P < 0.001) BW gain and dLys intake, but similar (P > 0.05) feed intake, AME n intake, and FCR relative to the control diet (TRT 1). However, broilers consuming diets formulated at 75% of recommended dLys concentrations from 12 to 26 d of age had reduced (P < 0.001) feed intake and AME n intake, as well as increased (P < 0.001) FCR relative to the control. These results indicated that a single-nutrient deletion strategy targeting dLys, even at reductions as low as 75%, bypasses the compensatory intake issues previously observed by Meloche et al. (2016a, b) when implementing a reduction in overall AME n and AA density. Cruz et al. (2017) fed 6 diets varying solely in dLys (0.77 to 1.17% in increments of 0.08%) to male Cobb × Cobb 500 broilers from 12 to 28 d of age. A weighted dLys concentration across phases can be calculated by multiplying the dLys concentration fed in each phase by the number of days each diet was fed as a proportion of the period of interest. For example, these authors fed a common starter diet formulated at 1.34% dLys prior to applying the treatment diets from 12 to 28 d of age, resulting in weighted dLys concentrations of 0.99 46 d) . Starter, finisher, and withdrawal diets were identical in composition and nutrient content for all birds. Grower 1 and G2 treatments consisted of a control formulated at 100% of the recommendation for dLys and 6 feeding programs that received the specified proportion of recommended dLys concentrations during either G1, G2, or the entirety of the grower phase (G1 + G2).
3 SEM = pooled standard error of the mean. 4 Means not sharing a common superscript within a column differ significantly (P < 0.05). Starter, finisher, and withdrawal diets were identical in composition and nutrient content for all birds. Grower 1 and G2 treatments consisted of a control formulated at 100% of the recommendation for dLys and 6 feeding programs that received the specified proportion of recommended dLys concentrations during either G1, G2, or the entirety of the grower phase (G1 + G2).
3 SEM = pooled standard error of the mean. 4 Means not sharing a common superscript within a column differ significantly (P < 0.05 There were no differences (P > 0.05) in 1 to 47 d BW gain, feed intake, AME n intake, or FCR between any of the reduced dLys treatments relative to the control diet (TRT 1) (Table 5 ). At 29 d of age, all birds achieved the same performance as the control diet (TRT 1) for the remainder of Exp 1, indicating that broilers are able to partially recover from an early reduction in nutrient density. Although broilers that were fed the reduced nutrient density diets had the same cumulative growth performance as the control, broilers assigned to TRT 3, 5 and 7 consumed less dLys (P < 0.001) (54.7, 57.1, and 54.5 g dLys/bird) than those assigned to the control diet (TRT 1) (59.7 g dLys/bird). Feeding common finisher (28 to 41 d of age) and withdrawal (42 to 47 d of age) diets that were adequate in dLys after the reduced dLys treatment period allowed for a modification of the growth curve during early development without negatively impacting cumulative growth performance at 47 d of age. Additionally, the single-nutrient deletion strategy was successful in reducing the dLys intake of certain treatments, which may have further consequences on the development of myopathy due to the critical role of dLys in breast muscle accretion (Tesseraud et al., 2001 ). 46 d) . Starter, finisher, and withdrawal diets were identical in composition and nutrient content for all birds. Grower 1 and G2 treatments consisted of a control formulated at 100% of the recommendation for dLys and 6 feeding programs that received the specified proportion of recommended dLys concentrations during either G1, G2, or the entirety of the grower phase (G1 + G2).
3 SEM = pooled standard error of the mean. 4 Means not sharing a common superscript within a column differ significantly (P < 0.05).
A similar feeding strategy of reducing dLys exclusively from 12 to 28 d of age followed by a nutritionally adequate common finisher was employed by Cruz et al. (2017) . Yet, in contrast to the current study, these authors observed significant differences in BW at the end of the Exp (35 d of age). These results are likely attributable to Cruz et al. (2017) feeding reduced dLys diets throughout the grower for all treatments, as well as the limited duration of the finisher phase (28 to 35 d of age) vs. the split grower phase and later processing date utilized in the current study (28 to 47 d of age). Clearly, the timing of a short-term, reduced dLys treatment, as well as the remaining days to market weight thereafter, will affect the degree to which bird performance recovers. Experiment 2 During the G phase (12 to 28 d of age), TRT 2 and 4 received diets formulated at 85% of recommended dLys concentrations, while TRT 1 and 3 remained on the control diet (TRT 1) ( Table 6 ). As a result, similar (P > 0.05) outcomes were observed within the pairs of duplicated treatments for all measured performance responses. There were no differences (P > 0.05) in BW gain, feed intake, or AME n intake of broilers fed the reduced dLys diets compared with the control-fed birds. Broilers receiving the control diet (TRT 1) in the G phase as part of TRT 3 exhibited higher (P = 0.024) BWG relative to the birds assigned to TRT 2. Broilers receiving TRT 2 and 4 had reduced (P < 0.001) dLys intake (16.0 and 16.3 g dLys/bird, respectively) compared with the control diet (TRT 1) (18.9 g dLys/bird). Additionally, these birds had higher (P < 0.001) FCR (1.527 and 1.512 for TRT 2 and 4, respectively) relative to TRT 1 (1.471), indicating that reducing dLys by 15% of the recommended dLys between 12 and 28 d of age did not optimize feed conversion.
From 12 to 40 d of age, there were no differences (P > 0.05) in feed intake or AME n intake of birds fed diets with reduced dLys density when compared with the control diet (TRT 1) ( Table 7) . Broilers receiving diets formulated to 85% of the recommended dLys concentrations from 12 to 28 d of age had reduced BW gain from 12 to 40 d of age, relative to the control. Intake of dLys decreased (P < 0.001) relative to the control (41.8 g dLys/bird) as the duration of reduced dLys feeding increased, with the lowest intake among broilers receiving reduced dLys diets throughout the G and F1 phases (TRT 4; 36.0 g dLys/bird) and intermediate intakes for broilers receiving reduced dLys diets for a single phase (TRT 2; 38.0 g dLys/bird and TRT 3; 38.5 g dLys/bird). Similarly, FCR was highest (P ≤ 0.005) among broilers receiving a reduced dLys diet during the G and F phases (TRT 4), with the single-phase reduced dLys diets having intermediate FCR. Cruz et al. (2017) fed diets varying solely in dLys (0.77 to 1.17% in increments of 0.08%) to male Cobb × Cobb 500 broilers from 28 to 42 d of age. Common starter and grower diets were formulated at 1.34 and 1.18% dLys (Cruz et al., 2017) , resulting in weighted dLys concentrations of 1.06 to 1.19% in increments of 0.027% from 1 to 42 d. Two of the intermediate dLys density diets utilized by Cruz et al. (1.11 and 1.16% weighted dLys for diets 3 and 5, respectively) were comparable to the 1 to 40 d weighted dLys concentrations for the control (TRT 1; 1.15%) and the reduced dLys diet fed throughout G and F1 (TRT 4; 1.10%) in the current study. Although 42 d BW was the only growth performance response reported by Cruz et al. (2017) , these authors observed no differences BW in broilers receiving reduced dLys diets from 28 to 42 d of age. These results agree with those observed in the current study.
At 61 d of age, there were no differences (P > 0.05) in BW gain, feed intake, AME n intake, or FCR among the dietary treatments (Table 8 ). All broilers assigned to the reduced dLys feeding programs, however, had lower (P < 0.001) dLys intakes relative to the control. 11 d) , grower (G; 12 to 28d), finisher 1 (F1; 29 to 40 d), finisher 2 (40 to 48 d), and withdrawal (49 to 61 d). Starter, finisher 2, and withdrawal diets were identical in composition and nutrient content for all birds. Grower and finisher 1 treatments consisted of a control formulated at 100% of the recommendation for dLys and 3 feeding programs that received 85% of the recommended dLys concentrations during either G, F1, or the entirety of the both phases (G + F1).
3 SEM = pooled standard error of the mean. 4 Means not sharing a common superscript within a column differ significantly (P < 0.05). 61 d) . Starter, finisher 2, and withdrawal diets were identical in composition and nutrient content for all birds. Grower and finisher 1 treatments consisted of a control formulated at 100% of the recommendation for dLys and 3 feeding programs that received 85% of the recommended dLys concentrations during either G, F1, or the entirety of the both phases (G + F1).
These results illustrate that short-term reductions of dLys will result in a persistently lower cumulative dLys intake, despite prolonged access to adequate concentrations of dLys in the common diets from 40 to 61 d of age. In contrast, Meloche et al. (2016b) reported that reducing overall AME n and AA density from 8 to 24 d of age as a strategy to manipulate the growth trajectory resulted in broilers engaging in compensatory feeding sufficient to overcome the differences in dietary density when returned to the recommended (i.e., 100%) dLys density.
Carcass Characteristics
Experiment 1 No treatment differences (P > 0.05) in abdominal fat pad weights and percentages or carcass weights and yields were observed (Table 9 ). Broilers receiving diets formulated at 75% of recommended dLys concentrations from 12 to 26 d of age (TRT 7) had reduced (P < 0.01) breast weights (0.944 kg) and yields (26.3%) relative to the control diet (TRT 1) (0.995 kg and 27.3%). Insufficient dietary Lys has been repeatedly shown to increase protein turnover, and thereby reduce muscle tissue accretion, in broilers (Tesseraud et al., 2001 (Tesseraud et al., , 2009 . Furthermore, selection of broilers for breast yield has resulted in the pectoralis major muscles becoming particularly sensitive to dietary dLys concentrations in comparison to other muscles (Tesseraud et al., 2001) . Broilers assigned to TRT 7 had reduced dLys intake relative to all other TRT, which specifically limited their accretion of breast muscle, but did not prevent them from achieving a similar BW to broilers assigned to other TRT. Other portions of the carcass that were not measured in this study, such as the thighs and drumsticks, may have increased in weight as these muscles are not impacted by reduced dLys to the same extent as breast muscle (Tesseraud et al., 1996) . Interestingly, broilers receiving the 75% dLys dietary program from 12 to 18 d of age (TRT 5) had reduced (P = 0.001) breast weights (0.973 kg) in comparison with broilers receiving the 85% dLys diet from 12 to 26 d of age (TRT 4). Not only did these TRT consume similar amounts of dLys, but the longer duration of reduced dLys feeding in TRT 4 actually created a lower weighted average dLys concentration (1.05%) than that of TRT 5 (1.07%) during the 1 to 47 d period. This result may indicate that the timing of a reduced dLys diet program impacts breast weight more so than the duration or intensity of the reduction in dLys averaged over the whole lifespan. Implementing a reduced dLys diet earlier in the growth period may limit the birds' potential for breast muscle accretion, even when allowed a substantial recovery period on adequate diets. In contrast to the current study, Cruz et al. (2017) observed reduced carcass weights and yields as well as reduced breast weights and yields at 35 d of age for broilers fed a diet with comparable weighted dLys content to TRT 7 in the current study (1.04%), during the experimental period. As with the live performance results, the differences in processing characteristics between these 2 studies are likely attributable to the longer interval on adequate dietary dLys between the end of the experimental period and processing.
Experiment 2 No TRT differences (P > 0.05) were observed for abdominal fat weights, carcass weights and yields, and total breast meat weights and yields (Table 9 ). Abdominal fat percentages were higher (P = 0.022), however, in broilers receiving reduced dLys diets in G alone (TRT 2) or throughout G and F1 (TRT 4). Although dLys effects on lipid deposition have been demonstrated in younger broilers (Mack et al., 1999; Dozier et al., 2010) , abdominal fat percentages are Grower 1 and G2 treatments consisted of a Control formulated at 100% of the recommendation for dLys and 6 feeding programs that received the specified percentage (85% or 75%) of recommended dLys concentrations during either G1, G2, or the entirety of the grower phase (G1 + G2). Ideal amino acid ratios were not maintained in reduced dLys diets. Starter, finisher, and withdrawal diets were identical in composition and nutrient content for all treatments. SEM = pooled standard error of the mean. a-b Means within each panel not sharing a common superscript within across a scoring category differ significantly (P < 0.05).
typically not affected by reduced dLys in broilers older than 50 d of age (Corzo et al., 2006; Dozier et al., 2008) . In contrast to Exp 1, no differences (P > 0.05) in breast weights or yields occurred in Exp 2. However, in Exp 1 these differences were observed for broilers receiving diets formulated at 75% of the recommended dLys concentration for both G1 and G2, a more extreme reduction in Lys, which was not utilized in Exp 2.
Myopathy Scoring
Experiment 1 At 48 d of age, incidences of normal, mild, and severe scores for WB for the control-fed broilers were 41.0, 22.7, and 36.6% respectively (Figure. 1A) . Though incidence of WB varies substantially in the existing literature, flock incidences greater than 50% have been reported (Mutryn et al., 2015; Cruz et al., 2017) . For WS, incidences of normal, mild, and severe scores at 48 d of age for the control-fed broilers were 12.0, 23.8, and 64.3%, respectively, (Figure. 1B) . Broilers receiving diets formulated at 75% of recommended dLys concentrations from 12 to 26 d of age (TRT 7) had reduced (P < 0.05) incidence of severe scores for WB ( Figure. 1A) and WS ( Figure. 1B) relative to the control. Reduced cumulative dLys intake observed among broilers assigned to TRT 7 resulted in reduced breast weights and yields, which likely resulted in the observed decrease in WB and WS. Cruz et al. (2017) fed reduced dLys diets from 12 to 28 d of age that were comparable in weighted dLys content to TRT 1 and TRT 7, however, they did not report any differences in WB or WS incidences or scores among broilers receiving the reduced dLys diet. These authors reported that the incidences of WB and WS increased with increasing dietary dLys at 35 d of age. In the current study, no such relationship was evident at 48 d of age. Grower and F1 treatments consisted of a control formulated at 100% of the recommendation for dLys and 3 feeding programs that received 85% of the recommended dLys concentrations during either G, F1, or the entirety of the both phases (G + F1). Ideal amino acid ratios were not maintained in reduced dLys diets. Starter, finisher 2, and withdrawal diets were identical in composition and nutrient content for all treatments. SEM = pooled standard error of the mean. a-b Means within each panel not sharing a common superscript within across a scoring category differ significantly (P < 0.05).
Experiment 2 Similar to Exp 1, incidences of normal, mild, and severe scores of WB for the controlfed broilers at 62 d of age were 35.5, 25.2, and 39.3%, respectively ( Figure. 2A ). Feeding 85% of the recommended dLys concentrations from 12 to 40 d (TRT 4) decreased (P = 0.005) the incidence of severe WB relative to the control ( Figure. 2A ). This reduction (18.8% vs. 39.3%) was obtained without observing any detrimental effects on live performance or processing characteristics. Incidences of normal, mild, and severe scores of WS for the control-fed broiler were 26.2, 35.5, and 38.3%, respectively, ( Figure. 2B ). The incidence of severe scores for WS was reduced in broilers receiving diets formulated at 85% of recommended dLys from 12 to 28 d (TRT 2; 22.3%) or from 12 to 40 d (TRT 4; 17.8%) in comparison with the control (38.3%). Cruz et al. (2017) fed reduced dLys diets from 28 to 40 d of age with comparable weighted dLys content to TRT 1 and TRT 4, but did not report any differences in WB or WS incidence or scores at 42 d among broilers receiving these diets.
Short-term reductions in dLys concentrations reduced the incidence and severity of WB in the current research. This nutritional strategy altered the growth curve in a manner that balanced the goal of increased muscle yield with the adequate development of cellular and vascular systems for maintaining accreted muscle tissue. The underlying mechanism by which altering the growth trajectory through reduced dLys density may affect the incidence and severity of WB has not been established. As a percentage of CP, lysine comprises the largest proportion of any essential AA in breast muscle (Munks et al., 1945) . For this reason, breast muscle tissue exhibits a pronounced response to differences in dietary Lys. Altered regulation of protein turnover (Tesseraud et al., 1996 (Tesseraud et al., , 2001 ) is ultimately responsible for the remarkable sensitivity of breast meat yield to fluctuations in dietary dLys (Dozier et al., 2010) . Additionally, reduced vascular density and rapid increases in fiber diameter have been reported as potential stressors contributing to the onset of WB (Joiner et al., 2014) . As myofiber diameter increases, the diffusion distance from the interior of the fiber to the nearest capillary also increases. If fewer capillaries per fiber are present, or if the fiber diameter has increased beyond a certain threshold, it is possible that localized areas of the tissue may experience suboptimal capillary diffusion rates. Accumulation of cellular waste creates microenvironments within the tissue in which cellular homeostasis has been compromised (Mutryn et al., 2015; Zambonelli et al., 2016) . Likewise, greater diffusion distance could inhibit the exchange of oxygen, causing localized hypoxia (Velleman and Clark, 2015; Sihvo et al., 2017) . Short-term reductions in dietary dLys may temporarily alter the accretion rate of breast muscle, allowing for proper development of the vascular system to reduce the incidence of WB without compromising breast meat yield. However, if the duration of reduced dLys is too extensive, growth performance and breast meat yield will be adversely affected.
From these studies, it can be concluded that shortterm reductions in dLys density are effective at reducing the severity of WB and WS. However, the magnitude of the reduction in dLys, as well as its timing relative to the total length of the growth period, may impact live performance and processing characteristics. Furthermore, it is worth noting that the dLys concentrations utilized in these studies were based upon primary breeder recommendations. Similar percentage reductions applied to dLys concentrations representative of those used in the U.S. broiler industry may not provide comparable results. The mechanism by which reducing dietary dLys may alleviate the development of myopathy without detrimentally impacting breast yield is not yet known. Identifying the critical periods during which manipulation of the growth trajectory effectively reduces myopathy with the least compromise on performance warrants additional research.
